2
3 2 efficiencies did not differ significantly between mRNA-injected larvae (47%) and non-2 3 3 injected controls (66%) (Student's 2-tailed unpaired t-test, p-value = 0.14) ( Fig. 3B ). Likewise, the average number of algal cells that each infected larva contained was test, p-value = 0.37) ( Fig. 3C) . Excitingly, we observed mCherry-labeling of 2 3 7 symbiosome membranes surrounding internalized algae; this was apparent even in between symbionts (Fig. S3A ). In order to observe symbionts in living hosts, we immobilized larvae injected with 2 4 3 NLS-eGFP-V2A-mCherry-CaaX by embedding them in agarose; this prevented 2 4 4 larvae from swimming, but their rotation caused by ciliary beating continued (Movie 2 4 5 S1). Using this technique, nuclei, cell membranes, and the symbiosome could be 2 4 6
imaged live (Fig. 3E) , at a rate of 1 frame per 2.5 sec (Movie S2), which would allow 2 4 7 cellular events to be followed in real time. Embedded larvae survived and could be 2 4 8
imaged for several hours (Fig. S3B ). With the goal of achieving gene expression from exogenous DNA and ultimately 2 5 2 establishing stable transgenesis, we generated plasmids in which the NLS-eGFP-2A-2 5 3 mCherry-CaaX reporter was driven by the promoter of different actin genes cloned 2 5 4
from Aiptasia (Fig. 4A,B) . In each case, the cassette was flanked by recognition sites 2 5 5
for the meganuclease I-SceI (Fig. 4A) ; co-injection of I-SceI with plasmids containing 2 5 6 these sites strongly increased genomic integration in other species, e.g. medaka and 2 5 7
Nematostella (Grabher and Wittbrodt 2007; Renfer and Technau 2017) . We identified 2 5 8 six actin genes from the Aiptasia genome (Baumgarten et al., 2015) , and used larvae 2 5 9 transcriptome data (Wolfowicz et al., 2016) to select the four highest expressed to 2 6 0 clone and use for injection ( Fig. 4B ). The percentage of larvae displaying reporter 2 6 1 expression at 10 hpf was determined, and was clearly the highest for one promoter reporters driven by the XM_021049442.1 promoter, we did not determine whether 2 6 8 the transgene was stably integrated into the genome, but the successful in vivo 2 6 9 expression allows future work to establish Aiptasia transgenesis. Here we establish a workflow to successfully introduce exogenous protein, mRNA, This workflow immediately permits in the Aiptasia larval system many observational injected genetic material or even commercially available dyes to label conserved 2 9 3 cellular structures. To study developmental processes, larvae with labeled cell outlines (Figs 3, 4) and 2 9 6 live imaging can be used to characterize, for example, gastrulation, tissue to monitor dynamics or create overexpression phenotypes. To study symbiosis establishment in Aiptasia larvae, key goals are to test candidates 3 0 6
for their roles in symbiosis as well as to observe symbiont phagocytosis and 3 0 7
proliferation. Importantly, we can immediately tackle the first goal by using injected between signal and symbiosis, as Aiptasia larvae acquire symbionts at and after 2 3 1 8 dpf, and signal of the mRNA fades several days later. Furthermore, the unexpectedly 3 1 9 strong labeling of symbiosome membranes by farnesylated mCherry, even in older
larvae, is a great advantage to studies of intracellular symbiosis dynamics. We have made progress towards the goal of generating stable transgenic lines by attempts. Currently, a drawback in the Aiptasia system is that metamorphosis and 3 2 7 settlement of larvae into adults cannot yet be accomplished in the laboratory; multiple The Aiptasia field, and by extension the coral-algal symbiosis field, acutely requires at the functional level. In addition to the gain-of-function possibilities outlined above, and the larvae used for symbiosis studies in the F0 generation. gastrulation. As the sister group to bilaterians, cnidarians are important "evo-devo" advances in emerging models, as new avenues are opened to study previously 3 5 8
intractable cell biological questions (Cook et al., 2015; Goldstein and King, 2016) .
3 5 9
The Aiptasia system is currently undergoing this transition: a wealth of resources has Individuals to be used for gamete production were produced asexually by pedal of 4-5 mm for F003 and 5-6 mm for CC7) were maintained for 6-7 months as 3 7 7
Material and Methods
previously described (Grawunder et al., 2015) , in covered, food-grade plastic tanks in grew to an oral disc diameter of 11-12 mm. To prepare sexually segregated tanks of Aiptasia for gamete release, 3-5 mature 3 8 7 animals of either CC7 or F003 were transferred into 300 ml ASW in smaller tanks (# during working hours. To induce gamete release following a simulated full moon cue, 3 9 5 animals were exposed to blue light LEDs (SolarStinger Sunstrip "Deepblue", # 3 9 6 00010447, Econlux, Germany) at 15-20 µmol m -2 s -1 for the entire dark phase on 3 9 7 days 1 to 5 of a 28-day cycle (Grawunder et al., 2015) . Each set of tanks was kept for 3 9 8 12 two simulated lunar cycles, and sets were staggered such that the second month of previously tried to concentrate these using small 40 µm filters, but the handling 4 1 0
substantially reduced the number of normally developing embryos. We therefore 4 1 1 used only spawning events that resulted in egg patches for microinjection ( Fig. 1A) .
1 2
To fertilize the eggs, approx. 3-7 ml water from several induced CC7 (male-only) as milky tank water, yet even when too dilute to be detected via stereoscope, they 4 1 6
were nevertheless often present as seen in the generally high fertilization rates (also Noticing low fertilization rates in preliminary experiments, we compared IVF efficiency 4 2 0 of gametes mixed in uncoated petri dishes to those in dishes pre-coated with gelatin.
2 1
To coat, a 0.1% solution of gelatin (# G1393, Sigma-Aldrich, Germany) in distilled 4 2 2
water was poured into the dishes, incubated at room temperature (RT) for 5 min, further use. Eggs were added to the dishes as described above, and sperm-4 2 5
containing water was then added at the indicated time-points in Fig. 1D . Based on 4 2 6 the outcome of these comparisons (Figs 1C,D) , eggs for microinjection were 4 2 7 afterwards always prepared in a 0.1% gelatin-coated dish and mixed with water from 4 2 8
CC7-containing tanks, as described above, as soon as possible after gamete release. The eggs and sperm were incubated together at RT for approx. 10 min to for 20 min, washed with 50 ml PBS, and re-centrifuged exactly as above. Cube Biotech, Germany) and protein allowed to bind to the beads by rotating 2 h at NaCl, 20 mM imidazole). Between each wash, beads were pelleted by centrifuging and absorbance measurements at A280 using a Nanodrop 1000 (Thermo Scientific).
6 2
Protein aliquots were flash-frozen in liquid nitrogen and stored at -80°C until further The NLS-eGFP-V2A-mCherry-CaaX construct was transcribed from the pSYC-97 was then diluted to 600 ng/µl with RNase-free water and single-use aliquots of 2 µl 4 7 3 each were stored at -80°C until use. Cloning of DNA plasmid for microinjection 4 7 6
The plasmids used in this study were derived from that reported by Renfer et al. Solutions of protein, mRNA, and DNA for microinjection 4 9 8
For Lifeact-eGFP protein, an aliquot was quick-thawed and injected at a injection has been successful and, crucially, does not interfere with later 5 1 0
fluorescence. Its disadvantage is that it quickly dissipates within zygotes, requiring 5 1 1 transfer to a separate dish very soon after injection while the tracer can still be seen, remains visible for longer and facilitates later selection of injected zygotes. We 5 1 4 therefore use the fluorescent tracer 10,000 MW dextran coupled to Alexa-594 dye (# 5 1 5 D22913, Invitrogen) at a final injection concentration of 0.2-0.5 µg/µl (Fig. 1F) . up with a 10 µl pipette with a plastic disposable tip. The zygotes were gently ejected 5 2 5
into the injection dish under water, so that they fell sparsely in a stripe onto the mesh 5 2 6
and settled into the holes. We noted that zygotes as well as developing embryos are 5 2 7
sensitive and should be pipetted as gently as possible to avoid developmental 5 2 8 defects. approx. 10% of cell volume) was visually assessed during the session and the 5 4 0 pressure adjusted as necessary; during the session, the needle tip may need to be 5 4 1 broken to remove blockages and then the injection pressure recalibrated.
4 2
Microinjections were conducted either on a Nikon SMZ18 stereoscope or a Leica 5 4 3
MSV269 stereoscope using a 0.5x objective or 1x objective, respectively. Injection injected by keeping the dish stationary and moving the needle between zygotes and 5 4 8 along its own axis to enter each zygote (Fig. S1C ). 5 4 9
